Epidermolysis bullosa (EB) simplex is a rare genetic condition typified by superficial bullous lesions that result from frictional trauma to the skin. Most cases are due to dominantly acting mutations in either keratin 14 (K14) or K5, the type I and II intermediate filament (IF) proteins tasked with forming a pancytoplasmic network of 10-nm filaments in basal keratinocytes of the epidermis and in other stratified epithelia. Defects in K5/K14 filament network architecture cause basal keratinocytes to become fragile and account for their traumainduced rupture. Here we review how laboratory investigations centered on keratin biology have deepened our understanding of the etiology and pathophysiology of EB simplex and revealed novel avenues for its therapy.
Introduction to epidermolysis bullosa simplex
Epidermolysis bullosa (EB) is a grouping of rare genetic conditions in which bullous lesions (fluid-filled cavities, or blisters, larger than 0.5 cm) affecting primarily the skin arise after exposure to mechanical trauma (1) . Three major forms of EB have been defined using clinical and histological criteria. The dystrophic, junctional, and simplex forms of EB are characterized by loss of tissue integrity in the upper dermis, at the dermo-epidermal interface, and within the epidermis, respectively ( Figure 1 ) (2, 3) . With rare exceptions, EB simplex is inherited in an autosomal dominant fashion. Although EB simplex is the most frequently occurring form of EB (approximately 1 case per 25,000 live births), it also is the least severe (2, (4) (5) (6) . In this Review, we summarize current knowledge of the etiology and pathophysiology of EB simplex, discuss what this condition tells us about the properties and roles of keratin, and outline progress toward therapeutic intervention.
In EB simplex, trauma-induced loss of tissue integrity consistently occurs within the basal layer of epidermal keratinocytes (Figures 1 and 2 ). The inherited defect renders basal keratinocytes fragile, causing them to rupture when the epidermis (and, in some cases, other stratified epithelia) is subjected to mechanical stress (Figures 1 and 2 ). Associated skin pigmentation anomalies can occur (see below), but terminal epithelial cell differentiation and epidermal barrier function appear normal.
Several clinical variants of EB simplex have been described. The most frequent and widely known variants - EB simplex-generalized (EBS-generalized; in which the distribution of blistering is "generalized" over the body), EB simplex-localized (in which the distribution of blistering is "localized," e.g., primarily restricted to hands and feet), and EB simplex Dowling-Meara (EBS-DM; in which blisters are also generalized but show a distinct "herpetiform" or clustered pattern) - differ primarily according to the distribution, frequency, and severity of skin blistering over the body (Table 1) . These variants also show key ultrastructural differences ( Figure 3 ) and vary in the involvement of other epithelia and their prognosis (Table 1 ). Other forms of EB simplex are less frequent (e.g., EB simplex-autosomal recessive [EBS-AR], which resembles EBS-generalized but is recessively inherited) and/or exhibit additional clinical features (Table 1 ; see also ref. 7) . EB simplex with mottled pigmentation (EBS-MP) is characterized by anomalies in skin pigmentation, while EB simplex with muscular dystrophy (EBS-MD) is accompanied by a progressive, limb-girdle type of muscular dystrophy (Table 1) (3, 7, 8) . Despite the degree to which clinical presentation varies (Table 1) (2, 3, 6, 9) , all variants of EB simplex are caused by genetically determined defects in intracellular proteins whose function is to provide essential structural support in keratinocytes of the epidermis and related tissues (10, 11) .
Most cases of EB simplex result from mutations affecting either keratin 14 (K14) or K5, the type I and type II intermediate filament (IF) proteins, respectively, expressed in basal keratinocytes in the epidermis and related complex epithelia (12) (13) (14) (Figure 1 ). In their normal state, K14 and K5 form type I/type II IF protein heterodimers (Figure 1) , thousands of which then assemble into a 10-nm-wide cytoskeletal IF (15) (16) (17) . Because of the heteropolymeric structure of keratin filaments, mutations in either the K5 or the K14 gene can elicit a substantial fraction of the broad clinical spectra seen in EB simplex (Figure 3 and below). One exception is EBS-MD, which is caused by mutations in the gene encoding plectin, a cytolinker protein responsible for integrating various cytoskeletal and cell-adhesive elements into a functionally unified network (18, 19) . Mutations in the gene encoding collagen, type XVII, alpha 1 (COL17A1), a hemidesmosomal plaque protein required for tight adherence of basal keratinocytes to the basal lamina, account for a special subset of patients with elements typical of both EB simplex and EB junctional (20, 21) . Additional examples of rare forms of EB simplex that are linked to genes other than K5 and K14 are discussed in Fine et al. (7) .
EB simplex has the distinction of being the first disorder shown to be caused by mutations in a gene encoding an IF protein and also the first epithelial (skin) fragility condition to have its etiology revealed, in the early 1990s (22, 23) . Despite the considerable progress made since then, developing successful therapies for EB simplex has proven to be challenging. There is reason to be cautiously optimistic, however, since recent discoveries made in studies of its pathophysiology have led to new ideas for therapy.
From the bench to the clinic: reverse genetics, mouse models, and EB simplex By the late 1980s, many ideas had surfaced in the literature to account for the etiology of EB simplex and, in particular, for the fragile character of basal keratinocytes. Many of these ideas could be assigned to one of two broad possibilities: a misregulated or defective enzyme; or a defect in a structural component (4, 5) . The concept of defects in keratin protein or filaments per se was certainly not at the forefront (5) . Given the breadth and heterogeneity of the clinical features of EB simplex (Table 1 ) and the lack of a clear function for IFs at the time, there was no obvious reason to draw a link between the disorder and this cytoskeletal network.
The cloning and sequencing of epidermal keratins and the analysis of their secondary structure (13, 15, 24, 25) laid the foundation for elucidating the key assembly determinants in K14 and K5 via systematic deletion mutagenesis. Initial studies of this kind established that K14 deletion mutants missing small portions of either end of the central rod domain (Figure 1 ) markedly altered the architecture of the endogenous keratin IF network in cultured epithelial cells, and did so in a dominant fashion (26, 27) . In vitro polymerization assays involving purified recombinant keratin proteins provided key details about the impact and mode of action of such K14 deletion mutants (28) and subsequently K5 deletion mutants (29) .
Relevance to EB simplex was ultimately revealed when select K14 deletion mutants were tissue-specifically expressed in transgenic mice by using the K14 promoter (30, 31) . Briefly, these mice exhibited trauma-induced blistering in the epidermis and oral mucosa that began shortly after birth and closely approximated the key features of EB simplex ( Figure 2 ). When interpreted in light of previous reports describing defects in keratin IF network architecture in basal keratinocytes from individuals with EB simplex, in situ (32) (33) (34) and in culture (35) , the phenotype of these mice clearly suggested that EB simplex could arise from mutations affecting the protein-coding sequence of either K14 or K5 (30) . Such mutations were indeed found shortly thereafter, as discussed below.
Detailed characterization of this first cohort of transgenic mouse lines, which expressed K14 mutants under the control of the K14
Figure 1
Introduction to the epidermis, keratin filaments, and EB simplex. Schematic representation of skin tissue and detailed view of the bottom portion of the epidermis, highlighting the cytoplasmic network of keratin IFs attached to hemidesmosome cell-ECM and desmosome cell-cell contacts in basal keratinocytes. The plane of tissue rupture seen in the simplex, junctional, and dystrophic forms of EB are highlighted. The molecular configuration of the K5/K14 coiled-coil heterodimer, the smallest subunit participating in the formation of 10-nm IFs, is shown in a schematic manner. The main secondary structure elements are: N-terminal head and C-terminal tail domains; α-helical coils 1A, 1B, 2A, and 2B; and linkers L1, L12, and L2. promoter (30, 31) , also provided a biological framework for many heretofore misunderstood features of EB simplex (Table 2 ). First, in addition to dominantly disrupting keratin IF structure, mutations in the K14 rod domain (Figure 1 ) can elicit the formation of aggregates of amorphous proteins in the cytoplasm (30, 31, 36) . Such aggregates are diagnostic of the most severe form of EB simplex (EBS-DM; see Table 1 and Figure 3 ) and are immunopositive for K5 and K14 (22, 37) . Second, onset of disease occurs shortly after birth, partly reflecting the embryonic onset of K5 and K14 gene expression (38, 39) along with the protected milieu experienced by the human fetus up until birth. Third, the broad range of clinical severity typifying EB simplex in humans can be mimicked in mouse skin tissue by expressing K14 experimental mutants having either a mild, moderate, or severe impact on keratin IF assembly in vitro (31) . This finding helped dismiss the idea that variants such as EBS-DM and EBS-localized (Table 1 ) have a distinct etiology. Fourth, the ability of blisters to heal leaving no scar distinguishes EB simplex from EB junctional and EB dystrophic (2, 9) . From the observation that the wound-inducible keratins K6, K16, and K17 are induced (as expected) in keratinocytes populating the margins of epidermal lesions, Coulombe et al. (31) suggested these keratins could compensate for the inherited defect in either K5 or K14, allowing for normal epithelialization to occur (see Devising an effective therapy for EB simplex: challenges and opportunities below for further discussion). Fifth, these early findings in mice suggested that similar defects in other keratin proteins should elicit analogous deficiencies in relevant epithelial cell types. This was later shown to be the case via the tissue-specific expression of a deletion mutant of K10, a keratin expressed in terminally differentiating keratinocytes of the epidermis and related cornifying epithelia (14) , in transgenic mice. The trauma-induced cell fragility in the suprabasal portion of epidermis of these mice was similar to the human condition epidermolytic hyperkeratosis (36) . Mutations in the K1 and K10 genes were later found in patients with this condition (40) (41) (42) .
Mice homozygous null for K14 (Figure 2 ), K5, or plectin also displayed the key features of EB simplex (with accompanying muscle defects in the case of plectin), thus revealing that cell fragility is largely a "loss-of-function" phenotype ( Table 2 ). Lloyd et al. (43) showed that the lesser degree to which the esophagus is affected relative to epidermis in newborn K14-null mice correlates with higher levels of K15, a type I keratin related to K14, in the esophagus. The presence of small amounts of K15, but not of a type II keratin related A Additional EB simplex (EBS) subtypes, caused by mutations in genes other than K5 and K14, have been documented and are more rare. See Fine et al. (7) for information on those, along with a justification of the classification of EBS disease subtypes. EBS-AR, EB simplex autosomal recessive; DDD, Dowling-Degos disease; NFJS, Naegeli-Franceschetti-Jadassohn syndrome.
to K5, likely accounts for the markedly more severe blistering of skin, and earlier death, seen in K5-null mice compared with K14-null mice (43) (44) (45) . A compensatory role for K15 was also invoked in studies of individuals whose genomes bear the equivalent of a K14-null mutation (46, 47) . These first hints pointing to the existence of functional redundancy within the keratin multigene family were thereafter formally confirmed when targeted expression of K16 in basal keratinocytes of the epidermis was shown to substantially reduce skin blistering and to prevent neonatal death in K14-null mice (48) . This concept has implications for therapy (see Devising an effective therapy for EB simplex: challenges and opportunities below).
Finally, a mouse model with conditional expression of a mutant K14 allele in basal keratinocytes of the epidermis (49) also provided important insight into EB simplex and its therapy. Studies of this mouse strain showed that, as could be predicted from in vitro assays (28) , the impact of strong dominant-negative mutant keratin proteins is mitigated when the wild-type protein is reintroduced in vivo. Cao, Roop, et al. (49) also showed that wild-type keratinocytes have a growth advantage over those expressing mutant keratin in skin epithelia in vivo. This finding has obvious implications for gene therapy. Also of relevance here is the "revertant mosaicism" noted in the skin of individuals with EB simplex in which a "second hit" (frameshift mutation) in the same K14 allele generates the equivalent of a null allele (50), or a "corrected" allele (51), thus negating the impact of an otherwise strong dominant-negative mutation.
Some key lessons learned from genotype-phenotype correlations
A comprehensive and useful database of human keratin mutations, and associated diseases, is maintained at the University of Dundee (see www.interfil.org and ref. 11). K5 and K14 mutations account for more than 36% of all keratin disease-associated mutations characterized thus far (278 of 765 reports), and together they are second only to mutations in LMNA, the gene encoding lamins A and C (nuclear IF proteins), with regard to documented disease-causing mutations in an IF protein-encoding gene (11) . Figure 4 summarizes the frequency ( Figure 4A ) and distribution ( Figure 4B ) of mutations in K5 and K14 proteins as a function of EB simplex variants. Most of these mutations are encoded by dominantly acting missense alleles. EBS-DM has been genetically characterized more frequently than any other variant of EB simplex, predominantly because the mutations often reside within the same short and highly conserved stretches of sequence within keratins, making them easier to identify (2, 3, 6) .
Some general lessons can be drawn from examining the data in Figure 4 . For the EBS-localized, EBS-generalized, and EBS-DM variants, a strong concordance exists among the position and nature of the mutation in the target keratin protein, the extent to which it disrupts keratin IF assembly and structure (when tested in vitro or through transfection in cultured cells), and, ultimately, the severity of clinical presentation (52) (53) (54) (55) (56) (57) . A corollary to this principle is that the nature of the mutation affecting K5 or K14 defines the sensitivity threshold that the epithelium displays toward frictional trauma, thereby contributing to whether the symptoms are local (e.g., EBS-localized) or generalized (e.g., EBS-generalized and EBS-DM).
Mutations altering highly conserved residues located within the so-called helix initiation and helix termination motifs, in either K5 or K14, are overwhelmingly associated with EBS-DM ( Figure 4) . Further, markedly more cases of EBS-DM are caused by K14 mutations than K5 mutations, a fact that is traceable to the presence of a mutational "hot spot" in codon 125, which encodes an arginine residue located in the helix initiation motif of coil 1A (22, 58, 59) . The extraordinarily high frequency of mutations (more than 29% of all reported disease-causing mutation events in K14; ref. 11) at this arginine-encoding codon and the corresponding (conserved) codon in other type I keratins and non-keratin IF proteins (8, 11) probably follows deamination of methylated cytosine in the context of a CpG dinucleotide (known as the most frequent mutation-causing mechanism in the human genome; ref. 60) . Several lines of evidence underscore the crucial role of this arginine residue (and other highly conserved residues within the helix initiation and helix termination motifs; see Figure 4 ) in keratin IF assembly and function (22, 52, 61, 62) .
Conversely, the mildest variant of EB simplex, EBS-localized, most frequently arises because of missense mutations affecting residues located in the nonhelical head and linker domains of the keratin, particularly K5 (Figure 4) . The primary structure of these domains is less well conserved than that of the helix initiation and helix termination motifs as well as other α-helical portions of the central rod domain (see Figure 1 and ref. 63) . Mutations in these domains are generally less consequential for IF assembly and function (52-54, 64, 65) . Why the analogous head and linker regions of K14 are not as frequently targeted for mutation as they are in K5 is not clear. One possibility, which is supported by genetic evidence, is that such mutations would behave recessively (see EBS-AR in Figure 4B; ref. 11 ). Another factor is the presence of K15 in
Figure 3
Ultrastructure of epidermal basal keratinocytes in EB simplex. These transmission electron micrographs were obtained from ultrathin sections prepared from epoxy-embedded intact (nontraumatized) human skin that had been fixed for routine electron microscopy. basal keratinocytes (43, 66) . Although not sufficient to temper the consequences of severe K14 mutations, wild-type K15 might be expected to positively and selectively ameliorate subtle K14-mediated defects in the IF network of basal keratinocytes.
The other classical EB variant, EBS-generalized, which is intermediate in severity between EBS-localized and EBS-DM, is also frequently associated with mutations in the helix initiation and helix termination motifs but also shows a greater frequency of mutations mapping elsewhere in the rod domain than EBS-DM (Figure 4) . The phenotype-genotype correlation argument provided here relies heavily on "mutation location" in either K5 or K14; of course, the nature of the mutation at any given site can also weigh heavily on the consequences for overall protein function. Mutations causing EBS-MP and EB simplex with migratory circinate erythema (EBS-Migr), two nonclassical variants of EB simplex (Table 1) , show a predilection for the head and tail domains of K5, respectively (Figure 4) . The implications of this finding are discussed in the next two sections.
Pathophysiology of EB simplex: straightforward, and yet . . . Elucidating the genetic basis for EB simplex created an opportunity to reexamine its pathophysiology (see Table 2 ) and investigate, on a de novo basis, the causal relationship among keratin assembly, IF network architecture, and epithelial cell integrity.
Studies carried out in relevant mouse models confirmed that frictional trauma, often in a repeated fashion, is required to expose the fragility of basal keratinocytes and elicit bullous skin lesions. Subsequent biophysical studies conducted on keratin IFs, both when reconstituted in vitro and in cultured cells ex vivo, strongly suggested that mutant keratin-expressing basal keratinocytes are mechanically softer due to defects in the architecture of the IF network (61 
Solved elements
Loss of tissue integrity occurs intracellularly K5, K14 are intracellular proteins (as is plectin, which is mutated in EBS-MD).
Mutations can occur in either K5 or K14 The basic subunit structure of the keratin filament is a heterodimer of a type I and type II keratin.
Disease is (usually) dominantly inherited Keratin IF assembly is a multistep reaction; mutations in K5 and K14 do not prevent formation of small-sized mutant subunits that get incorporated in the growing fibrous polymer.
Onset of blistering at, or after, birth K5 and K14 are first expressed at the onset of stratification in the embryonic ectoderm. However, keratin filaments are not required for genesis and differentiation of epidermis, but rather affect the overall mechanical integrity of the basal keratinocytes. Also, a substantial amount of trauma is usually required to elicit a skin blister.
Broad range of disease severity, including K5 and K14 proteins feature a modular, tripartite substructure, with the various subdomains making a localized vs. generalized blister distribution differential contribution to IF assembly; most mutations are small changes (e.g., missense) and can affect various portions of K5 and K14; varying amounts of frictional trauma are required to expose the weakness of a defective K5/K14 IF network, depending on mutant.
Stratified epithelia other than the epidermis K5 and K14 genes are expressed in the progenitor basal layer of all stratified and pseudostratified are occasionally targeted epithelia; varying amounts of K15, a type I IF protein related to K14, are expressed in internal stratified epithelia; internal epithelia are exposed to less mechanical stress compared with the epidermis.
Blisters can heal without scarring Basal lamina remains intact during and after blistering; blister healing involves the induction of keratins related to K5 (K6a and K6b) and K14 (K16 and K17). In addition, without continual mechanical trauma, the mutant basal keratinocytes adopt a grossly normal physiology.
There are cases of EBS-like disease in which K5-K14 heteropolymers interact with other proteins for function (e.g., plectin); mutations in such the K5 and K14 genes are intact proteins can elicit EBS-like skin blistering.
Unsolved mysteries
Seasonal susceptibility to blistering, with Do (most) keratin mutations behave in a temperature-sensitive fashion? increased frequency during the summer Age-related decrease in frequency and/or Likely due to a combination of behavioral adaptation and development of cellular and molecular severity of skin blisters compensatory mechanisms over time. It has been suggested that this may at times be due to "spontaneous" revertant mutations.
Herpetiform (clustered) distribution of skin Related to the presence of intracellular aggregates of mispolymerized keratin and/or to inflammation? blisters in EBS-DM and EBS-Migr variants
Loss of basal keratinocyte integrity occurs Is this region of the cell a "hot spot" for keratin subunit integration in newly forming filaments? between hemidesmosomes and nucleus Interesting correlate with live imaging studies (see ref. 62 ). of mutant keratin-expressing keratinocytes
Select forms of EBS are associated with a
There is an newly emerging role for cytoplasmic IF proteins in regulating intracellular transport; skin pigmentation phenotype in this instance, it would affect melanin pigments.
to progressively larger (nonlinear) amounts of shear stress. The deficiency observed is markedly enhanced when such filaments are crosslinked into a network, a circumstance that increases the elasticity of wild-type K5/K14 heteropolymers by 500-fold (61), depending on concentration (67). Beil et al. (68) showed that collapse of keratin IFs around the nucleus, in a fashion characteristic of many mutant keratinexpressing cells, causes a dramatic softening of the cytoplasm in cultured epithelial cells. When conducting live imaging studies of cultured skin keratinocytes, Werner et al. (62) found that assembly subunits containing wild-type K14 incorporate within "growing" filaments in a specific zone of the peripheral cytoplasm; in contrast, subunits containing a K14 Arg125→Cys mutant protein fail to do so (62) . The latter finding is of interest given the earlier observation that trauma-induced rupture of basal keratinocytes often occurs in a specific area of the cytoplasm, between hemidesmosomes and the nucleus, in EB simplex skin (32) and mouse models thereof (22) . Much progress has thus been made from a handful of biophysical and live imaging studies, so that future efforts of this type could transform our understanding of how the keratin IF network supports epithelial cell integrity in vivo.
The presence of cytoplasmic aggregates containing mispolymerized mutant keratin proteins is the defining characteristic of EBS-DM (Table 1 and Figure 3) and may worsen the impact of dominant-negative mutations. Mice made to express aggregationprone K14 mutants (30, 31, 49) exhibit an earlier onset of disease and more severe blistering and die earlier than K14-null mice (43) . Analogously, the EB simplex phenotype exhibited by individuals null for K14 is milder than that of autosomal-dominant EBS-DM (46, 47, 69) . The strong missense alleles characteristic of EBS-DM likely curtail the beneficial influence of any wild-type keratin (e.g., K15 in basal keratinocytes), as these also become incorporated into the defective assembly aggregates.
Additionally, when the misfolded protein response fails to resolve these aggregates, they may overwhelm the protein homeostasis apparatus of the cell (70, 71) . This could lead to cellular stress (72, 73) and influence the cell and tissue phenotypes in vivo. Cytoplasmic aggregates of mispolymerized IF proteins are characteristic of many disorders caused by mutations in genes encoding non-keratin IF proteins (8) . Alexander disease, for instance, is a devastating neurological condition caused by missense mutations in the gene encoding the type III IF protein glial fibrillary acidic protein (GFAP) (74) . Mutant GFAP-containing aggregates, readily seen in histology sections, are a cardinal feature of this condition. Such astrocyte-specific aggregates may be the source of the non-cell-autonomous pathophysiology of this condition, i.e., the Alexander disease phenotype may also reflect anomalies in CNS cell types that do not express mutant GFAP (75) .
Does inflammation play an important role in the EB simplex phenotype? The clinical and experimental evidence in this regard is equivocal. In EBS-Migr (Table 1) (76), skin blisters show a distinct belt-like erythema, and their margins are migratory even in traumafree skin, suggesting a role for inflammation. In addition, there are conflicting reports as to whether the Arg125→Cys mutation in K14, which causes EBS-DM, results in increased TNF-α secretion and increased susceptibility to TNF-α-induced apoptosis in human keratinocytes (77, 78) . Lugassy et al. (79) reported that K14 haploinsufficiency results in increased susceptibility of keratinocytes to TNF-α-induced apoptosis and suggested that this plays a key role in the pathogenesis of Naegeli-Franceschetti-Jadassohn syndrome (NFJS) ( Table 1) , extending previous work on EBS-DM mutations by Yoneda et al. (80) . In contrast, Lu et al. (78) detected higher levels of IL-6, IL-1β, and chemokines, but normal levels of TNF-α, in
Figure 4
Distribution of mutations in K5 and K14 as a function of disease variant in EB simplex. (A) Histogram depicting the number of cases of mutations in K5 and K14 as a function of EB simplex variant. The category "Others" corresponds to the aggregate of most other variants of the disease, excluding EBS-MD (see Table 1 ). (B) Distribution of mutations as a function of position within K5 and K14 and clinical variant of the disease. See main text and Figure 1 for information about keratin protein secondary structure. Each entry consists of three numbers: the top one is the total number of mutations; the bottom left number is the subset of these mutations that affect K5; and the bottom right number is the subset of these mutations that affect K14. "None" indicates the absence of mutations for this region of K5 or K14. Red numbers convey the occurrence of a bias toward either K5 or K14. The data are derived from ref. 11. EBS-AR, EB simplex autosomal recessive; EBSgen, EBS-generalized; EBS-local, EBS-localized; HIM, helix initiation motif; HTM, helix termination motif.
the skin of newborn K5-null mice. The latter mice survived only marginally longer after birth (up to 8 hours compared with less than 2 hours) when treated with the antiinflammatory agent doxycycline (78) . Related to this, sulforaphane, another small molecule with antiinflammatory properties, does not substantially prolong the life of K5-null mice, although it reduces skin inflammation (45) . Finally, conventional apoptosis does not occur in the epidermis of individuals with the most common variants of EB simplex, or in mouse models thereof (45, 78) . Whether proinflammatory cytokines are produced as a secondary consequence of basal cell lysis, even when occurring on a microscopic scale (Figure 3) , or are present before mechanical trauma and the ensuing blistering remains unclear and requires further investigation.
Further, certain clinical attributes of EB simplex still have no sound biological basis ( Table 2 ). Topping the list of such attributes are two frequently seen phenomena: enhanced frequency of skin blistering during the warm season and age-related improvement in clinical symptoms (2, 7, 9) . On an anecdotal basis, bathing in cold water and, paradoxically, experiencing fever episodes seem to lessen the blistering in individuals with EB simplex (4) . Although experimental evidence is still lacking, one possibility is that conditions that activate the heat shock/stress response may help to resolve the aggregates of misassembled keratins. Understanding the mechanistic basis for these phenomena, as well as others listed in Table 2 , may lead to new insights into keratin and epithelial biology as well as innovative ideas for treatments for EB simplex.
Human and mouse genetics suggest a role for keratin in modulating skin pigmentation A plethora of genetic findings in humans and mice have now formalized a new role for keratin in regulating skin pigmentation. Some of the key supporting evidence emerged from studies of unconventional forms of EBS as well as other disorders arising from mutations in either K5 or K14 (Table 1) . Uttam et al. (81) discovered that a peculiar missense mutation, Pro24→Leu, in the head domain of K5 causes EBS-MP, in which small (2- to 5-mm wide) hypo- or hyperpigmented spots confer a mottled appearance to the skin (Table 1) . Several additional cases of EBS-MP were later traced to the same K5 allele (11) (although it is important to note that the University of Dundee database has the Pro residue at position 25 in K5) and to distinct mutations in either K5 (e.g., 1649delG; ref. 82) or K14 (e.g., Met119→Thr; ref. 83) . The 1649delG allele of K5 can also result in EBS-Migr, and this too is characterized by the appearance of hyper- or hypopigmented skin patches in adults (76) . In addition, Betz et al. (84) have linked Dowling-Degos disease (DDD) ( Table 1) , which is characterized by reticulate hyperpigmentation and dark hyperkeratotic papules in skin flexural regions, to K5 haploinsufficiency. Finally, dermatopathia pigmentosa reticularis and NFJS are two related dominantly inherited conditions featuring reticulate or mottled hyperpigmentation of the skin ( Table 1) that are caused by frameshift mutations, which are located in the head domain of K14 and presumably result in haploinsufficiency (85) . As for mouse-based evidence, Fitch et al. (86) recovered keratin mutant alleles from a random mutagenesis screen designed to identify "novel" genes involved in mouse coat color determination. They found that dominantly acting missense alleles in K2E (Thr500→Pro; ref. 86) and K1 (Ser194→Pro; ref. 87) , two type II keratins expressed at high levels in the suprabasal differentiating layers of the epidermis, elicit a dark skin phenotype. Expression of these alleles in mouse skin also reproduces the keratinocyte fragility associated with similar mutations in the human orthologs, which cause epidermolytic hyperkeratosis (86, 87) .
Although the pigmentation phenotypes characteristic of EBSMigr and epidermolytic hyperkeratosis could be an indirect consequence of cytoarchitectural defects precipitated by the expression of strong mutant keratin proteins, this is unlikely to account for the phenotype associated with either the Pro24→Leu mutation in K5, which does not overtly disrupt 10-nm IF assembly (81), or K5 haploinsufficiency (84) . Skin pigmentation is the result of an intimate partnership between keratinocytes and neural crest-derived melanocytes, which are located in the basal layer of the epidermis (and hair matrix) (88) . Membrane-bound melanosomes are manufactured in melanocytes and transferred to the cytoplasm of proximal keratinocytes, where their cargo (pigmented melanin granules) is released ( Figure 3A) . Other than pigment chemistry, the concentration and distribution of melanin in the keratinocyte cytoplasm are key determinants of skin pigmentation (88, 89) . There is growing evidence showing that keratin proteins functionally interact with melanin pigments (10) . The head domain of K5 was found to bind the dynein light chain in a Pro24-dependent fashion in a yeast two-hybrid screen (90) , whereas expression of a K5 head domain fragment corresponding to the frameshift mutation in individuals with DDD results in colocalization with the dynein intermediate chain in cultured MCF-7 cells (84) . Of note, dynein participates in the centripetal transport of melanin pigments to form a supranuclear cap in keratinocytes (91) . Finally, the mocha mouse, which has a diluted coat and eye color phenotype, lacks a functional δ subunit of the adaptor-like protein complex AP3 (92) , which normally binds various IF proteins (93, 94) . In-depth studies of how keratin proteins regulate melanosome import and/or melanin distribution within the cell will help define this newly emerging function and clarify the mechanism(s) underlying the phenotype of individuals with variants of EB simplex associated with altered pigmentation.
Devising an effective therapy for EB simplex: challenges and opportunities Elucidating the genetic basis of EB simplex has had a significant impact on skin biology and dermatology. It established that inherited defects in a structural protein, even when small (e.g., a missense mutation), can ultimately compromise the function of the large array of interconnected intracellular and extracellular protein polymers tasked with maintaining the integrity of skin tissue. The genetic bases of a large number of single-gene disorders exhibiting skin epithelial fragility have been determined since then, and more than 70 conditions have now been associated with similar mutations in IF genes and proteins (11) .
EB simplex arguably remains one of the most well-understood inherited bullous diseases. As discussed in this Review, thanks to contributions from researchers all over the world, we now know its etiology and benefit from a solid understanding of its pathophysiology. Pre- and postnatal genetic testing and counseling options are now available (95) (96) (97) . There is one glaring area in which progress has lagged behind, and that is advancing the therapeutic options for patients that suffer from this psychologically and physically debilitating disorder. Treating EB simplex presents a special challenge because of the dominant mode of action of keratin mutations, the broad spectrum of mutations affecting either one of the two main genes targeted in this disease (K5 and K14), and the intrinsically high cell turnover rate seen in the epidermis. These specific elements add to generic factors limiting the success and applicability of gene therapy approaches directed at either the DNA or RNA level (49, 98, 99) and to the challenges associated with conducting a clinical trial in the context of a rare disease. The few formalized efforts to test therapies in EB simplex have yielded inconclusive results (100). The standard of care for EB simplex, i.e., minimizing trauma and preventing infections in healing blisters, remains preventive and palliative.
In vitro (28) and in vivo (49) studies have shown that the dominant-negative impact of mutant K14 proteins is mitigated by reintroduction of wild-type K14 protein. However, corrective intervention directed at the genetic code per se may not be practical as an effective means of treatment. One way to build up mechanical resiliency in trauma-sensitive epidermis (45) might be to exploit the partial functional redundancy known to exist among select keratins (101) (102) (103) and other IF proteins (104, 105) and to devise means to stimulate their endogenous expression in the skin of affected patients.
There is indirect yet compelling evidence that the scar-free healing of skin blisters in EB simplex is due, at least in part, to a "favorable" plane of tissue cleavage, which leaves the basal lamina intact (Figure 1 ), and to a rapid induction and subsequent accumulation of the so-called wound-repair keratins (K6, K16, and K17) in surviving keratinocytes located near the blister margins (31, 102) . This rapid transcriptional switch is a hallmark of tissue repair in skin and other complex epithelia (106) . A growing body of evidence suggests that the amount of structural support provided by IFs composed of these wound-repair keratins compares favorably with that provided by K5/K14 IFs (45, 48, (107) (108) (109) . Given that these keratins are inducible by a variety of different agents, including retinoids (110) and growth-stimulatory factors (e.g., EGF; ref. 111), as well as injury, understanding more about the molecular mechanisms underlying their regulation might offer new insights into how one might control the expression of these genes for therapeutic purposes.
Some methods for achieving this goal are clearly not viable clinically. For example, constitutive activation of sonic hedgehog signaling induces K17 and rescues K14-null mice (45) but has marked oncogenic potential (112) . A more promising possibility might be the use of the isothiocyanate sulforaphane, a small molecule that induces K16 and K17 expression in epidermal keratinocytes and that selectively reduces skin blistering and extends the lifespan of K14-null mice (45) . This small chemical occurs naturally in high levels in a precursor form in broccoli sprouts and other cruciferous vegetables (113) . Importantly, it is best known for its marked chemopreventive influence against a broad range of tumors, via its ability to foster Nrf2-dependent transcription (114) . Broccoli sprout extracts, prepared under good manufacturing practice (GMP) conditions and calibrated for their bioactive sulforaphane content, have cleared phase I clinical trials (e.g., refs. [115] [116] [117] and are safe for use in human skin (118) . This approach, designed to exploit a homeostatic response perfected by years of evolution, is worth further testing as a preventive measure for EB simplex, either alone or in combination with other treatments.
Conclusions and future perspectives EB simplex, the first disorder shown to be due to mutations in an IF protein-encoding gene, continues to be an inspiring model for clinical and laboratory research on various genetic disorders involving IFs, single-gene epithelial fragility conditions, and likely other disorders. This disease paradigm illustrates the immense benefits afforded by starting with understanding protein biochemistry and function and then ascertaining physiological and disease relevance by genetically engineering mice. By taking this reverse genetic approach, researchers can systematically generate the tools to elucidate and better understand the etiology and pathophysiology of human diseases, as well as devise and test novel strategies for therapy.
Further progress in EB simplex (and related conditions) requires research breakthroughs at fundamental and applied levels. An example of the former is knowledge of IF structure with atomic resolution, without which it will continue to be difficult to define how small mutations alter IF assembly, structure, and function. Another breakthrough needed is a better understanding of the mechanism of IF assembly, and its spatial and temporal regulation, prevailing in living cells. Yet another is to understand how keratin IF networks are generated, maintained, and regulated in the cytoplasm of epidermal keratinocytes and other cell types. At the applied research level, key challenges are to learn how to access the genome of skin epithelial stem cells with sufficiently high efficiency and to manipulate it in a manner that serves the therapeutic objective while being neutral otherwise. Progress in this vein is needed to exploit in full the molecular genetic advances made toward gene therapy and allele-specific silencing. Infrastructure support and better access to genetically defined patients is also needed to assist in the testing of novel therapies for orphan diseases such as EB simplex.
